released only upon addition of GDP demonstrates that Scheffzek et al., 1998). After binding, the resin was its interaction with dynamin is nucleotide-dependent washed extensively with 250 mM NaCl to generate the and argues that it is not simply binding unfolded dyfirst wash ( Figure 1B, lanes 1-3) , and proteins were subnamin on the column. The specificity of Hsc70 action sequently eluted by switching the nucleotide in the coldepends on its interactions with cochaperones (Kelley, umn without changing the ionic strength ("second 1998). A known partner of Hsc70 in vesicle uncoating wash"; Figure 1B , lanes 4-6). As shown in Figure 1B during endocytosis is the DnaJ type cochaperone, auxilin (lane 6), GED bound to dynamin's GTPase domain in (Ungewickell et al., 1995) . We therefore tested whether the presence of GTP␥S was released from the column dynamin also recruits auxilin. As shown in Figure 1D -X, only when GTP␥S was replaced by GDP. These observaauxilin was recruited on the dynamin:GTP␥S column. tions, together with our previous demonstration that We next asked whether Hsc70 and auxilin bind dy-GED potently stimulates dynamin's GTPase activity in namin directly. We used Hsc70 purified from bovine a fashion that is sensitive to aluminum fluoride (Sever brains and recombinant auxilin expressed in bacteria. et al., 1999), strongly argue that GED is a GAP, and we As shown in Figures 2A and 2B (lane 7), both Hsc70 will hereafter refer to it as such. In addition to dynamin's and auxilin interacted efficiently with dynamin, and the GAP, full-length dynamin from the RBC was also eninteraction was GTP␥S dependent (compare lanes 6, 7, riched on the GTP␥S column ( Figure 1B GTP-specific binding to dynamin, and we used this fragThis was expected given that a number of SH3 domainment in subsequent assays. Binding of dynamin's GAP containing proteins have been shown to interact with to dynamin:GTP␥S ( Figure 2D , lane 7) was used as a condynamin's C-terminal proline-arginine rich domain (PRD) trol for nucleotide-dependent assay conditions. Together, independently of nucleotide (Schmid et al., 1998; Slepnev these data indicate that Hsc70 and auxilin bind to dyet al., 1998). Thus, amphiphysin-1 bound to the column namin:GTP directly and independently of one another. This independently of nucleotide ( Figure 1D-I) , as did its interis consistent with a model in which dynamin is not the acting proteins clathrin, and the ␣-adaptin subunit of substrate of Hsc70, but rather serves to recruit Hsc70 the AP-2 adaptor complex (Slepnev et al., 1998) (Figures and auxilin to a specific location within coated pits. 1D-II and 1D-III). In addition, there was also nucleotideindependent enrichment of ␣/␤-tubulin, as expected given that dynamin was originally isolated as a microtuAuxilin, but Not Hsc70, Inhibits the GTPase Activity of Dynamin bule binding protein (Shpetner and Vallee, 1989) ( Figure  1D-IV) . Importantly, the ␥-adaptin subunit of the AP-1 comUntil now, dynamin itself was the only known protein to interact with dynamin in a GTP-specific fashion (Carr plex, which functions in conjunction with the ubiquitously , but not interaction leads to potent stimulation of dynamin's GTPase activity ("assembled rate") (Tuma, 1994 ; WarHsc70, almost completely inhibited GAP-mediated stimulation ( Figure 3A ). Potent inhibition of dynamin's nock et al., 1996). We therefore tested whether Hsc70 and auxilin could influence the GTPase activity of dyGTPase activity was also achieved with full-length auxilin (data not shown). In addition, auxilin could also inhibit namin and found that they did not stimulate dynamin's basal GTPase rate (data not shown). We next asked the stimulated GTPase activity of the ubiquitously expressed dynamin-2 isoform (data not shown). Auxilin's whether auxilin or Hsc70 affected the GTPase rate of assembled dynamin. To this end, auxilin or Hsc70 was inhibition of dynamin exhibited highly cooperative behavior ( Figure 3B ). Dynamin-dynamin interactions (Tuma, added to reactions containing dynamin and its GAP domain, whose interaction with dynamin stimulates GTPase 1994; Warnock et al., 1996) as well as GAP-dynamin of purified GAP inhibits dynamin assembly as previously reported (Sever et al., 1999) . In a similar manner, the addition of auxilin 405-910 significantly inhibited dynamin self-assembly, whereas GST had no effect. Together, these results identify auxilin as a novel dynamin:GTP binding protein that interacts with dynamin's GAP domain and possibly its GTP-bound GTPase domain. These interactions appear to induce the same allosteric conformational changes within dynamin tetramers that occur during dynamin self-assembly. Figure 3B and Figure 4C) , which degree of cooperativity. These data suggest that auxilin contains dynamin but not clathrin binding domains, did may induce the same allosteric conformational changes not inhibit CCV uncoating. Together, these results show within dynamin as the interactions taking place during that auxilin contains at least two dynamin binding sites: dynamin assembly. Importantly, an increased concenone exclusive for dynamin and one involved in multiple tration of added GAP could overcome inhibition by auxiprotein interactions. Interestingly, auxilin also contains lin ( Figure 3C ), demonstrating that GAP competes for more than one binding site for clathrin, and these sites auxilin binding to dynamin. We previously showed that are also tandemly arranged (Scheele et al., 2001). Therethe GAP domain, on its own, stimulates GTP hydrolysis fore, it seems that auxilin is capable of engaging in by interacting with the GAP domain within unassembled numerous interactions with proteins involved in endocydynamin (Sever et al., 1999) . Indeed, we could not detect tosis. binding between auxilin and the isolated GAP or GTPase domains (data not shown). Therefore, auxilin's ability to abrogate GAP stimulation suggests that auxilin is likely Auxilin-Dynamin Interactions Are Essential for CCV Formation binding both the GAP and the GTPase domains within dynamin.
Auxilin Contains Two Dynamin Binding Domains
We next examined whether interactions between dynamin and auxilin are required for endocytosis. HeLa To demonstrate directly that auxilin interacts with the GAP domain within full-length dynamin, we performed cells stably expressing a chimeric tetracycline-regulatable transcription activator (tTA-HeLa) were infected sedimentation assays that monitor dynamin assembly, previously shown to be mediated by GAP-GAP interacwith adenoviruses recombined with different auxilin cDNA fragments. Within infected cells, a single round tions (Muhlberg et al., 1997; Sever et al., 1999; . In this assay, assembly of dynamin upon of biotinylated transferrin (BXX-Tfn) sequestration into constricted coated pits and coated vesicles was meadilution into low ionic strength buffer is measured by the absence of dynamin remaining in the supernatant sured by its acquired inaccessibility to exogenously added avidin (Carter et al., 1993). Cells infected with the after centrifugation. As shown in Figure 3D , the addition ), and dinonfunctional aggregates. Importantly, aux 405-487 and GST, neither of which binds to dynamin, had no effect. rectly, by acting as dominant-negatives for endocytosis Immunodepletion of dynamin from the cytosol rein its GTP-bound form. Auxilin binds to dynamin's intramolecular GAP domain, whereas Hsc70 likely binds to duced transferrin uptake to a similar extent as addition Exchange of cytosolic clathrin with assembled clathrin due to activity of Hsc70/auxilin is believed to drive invagination of coated pits. Dynamin:GTP is recruited through an as yet unknown mechanism to the neck of the invaginating pit, and it redistributes Hsc70/auxilin to this location. Hsc70/auxilin chaperone activity in turn induces conformational changes within the clathrin coat that drive formation of the constricted coated pit. GTP hydrolysis returns dynamin to the cytosol, disengages its interactions with Hsc70/auxilin, and allows unhindered coat rearrangement that executes the budding of free CCVs. Thus, dynamin GTP hydrolysis may temporally couple collared neck disassembly with localized clathrin uncoating to yield fission of the coated pit. In summary, we propose that the major endocytic role of dynamin is to concentrate the uncoating chaperone machinery at the neck of the coated pit to mediate constriction and fission of the emerging coated vesicle.
another region of dynamin. Auxilin contains two dynamin and the fragment had no effect on vesicle uncoating or recycling ( Figures 4D and 6 ). We showed that aux bindings sites, and their overexpression inhibits endocytosis. We propose that dynamin-auxilin interactions are inhibited dynamin assembly ( Figure 3D ), and it is expected that the minimal dynamin binding fragment, essential for CCV formation at the plasma membrane. aux , would have the same effect given its ability to impair assembly-stimulated GTP hydrolysis by dynamin A Role for Hsc70/Auxilin in the Early ( Figure 4C ., 1999, 2000) . In support of the latter, mutation for coat reorganization during constriction and budding. in the GAP domain of dynamin family member Dnm1
In this context, it is also important to note that since activates this protein's function in mitochondrial fission auxilin competes for dynamin self-assembly through (Fukushima et al., 2001) . Recently, the regulatory model binding to dynamin's GAP and thus inhibits assemblygained further support from the crystal structure of the stimulated GTP hydrolysis, it effectively prolongs dyGTPase domain of Dictyostelium discoideum dynamin, namin in the GTP-bound state. This property of the syswhich has extensive structural homology to Ras-like tem should allow auxilin to persist at the site of action, regulatory GTPases (Neimann et al., 2001) . In this paper, and auxilin release may in fact result from dynamin's we provide further evidence for the regulatory model. basal GTPase activity. Clearly, future work will be First, we show that the putative GAP domain of dynamin needed to elucidate how dynamin affects the chaperbinds to dynamin in a GTP-dependent fashion, as seen one's ATPase cycle and how these interactions influfor other GAP-GTPase interactions ( 12 rat brains were homogenized in 25 ml of buffer containing 20 Adenoviral Expression of Auxilin Fragments in tTA HeLa Cells Adenoviruses carrying the auxilin genes were prepared from the mM HEPES (pH 7.5), 1 mM MgCl 2 , 1 mM DTT, 10 M pepstatin, 5 M aprotinin, 1 g/ml TLCK, 10 M leupeptin, 1 mM phenylmethylpADtet7 auxilin constructs as described (Altschuler et al., 1998; Hardy et al., 1997). Within this expression system, the gene is introsulfonyl fluoride (PMSF), and calpain inhibitor at 0.5 g/ml (Calbiochem), using a Dounce homogenizer and ten passes of each of the duced under the control of a tetracycline-repressible promoter. For all of the assays described below, 2 ϫ 10 6 cells were plated on 10 A and B pestles. The homogenate was centrifuged at 7000 ϫ g for 15 min. After addition of 1% Triton X-100, the supernatant was cm dishes. Following adherence, the cells were infected for 2 hr with the respective viruses and were subsequently incubated in rocked at 4ЊC for 1 hr, followed by a second centrifugation in a Ti45 rotor (Beckman Instruments) at 100,000 ϫ g for 1 hr. Nucleotides fresh DME/10% FBS for 16 hr. To control for viral effects, 1 g/ml tetracycline was included with adenovirally infected aux WT cells to were removed by passing cytosol through PD-10 columns (Amersham Biosciences), GDP or GTP␥S was added (0.5 mM), and the give an uninduced sample. extract was batch-bound to the affinity resin in HCB buffer with 150 mM NaCl. After 60 min incubation at 4ЊC, the mixture was poured Single Round of Endocytosis and Recycling from the Endosomal Compartment into a column and washed with ten volumes of modified HCB (100 mM NaCl), followed by ten volumes of HCB (250mM NaCl), with all Biotinylated transferrin (BXX-Tfn) was generated as described (Smythe et al., 1992) . The internalization of prebound BXX-Tfn and washes containing the original nucleotide. Bound proteins were eluted with 1.5 column volumes of the same buffer incubated with recycling was performed as described (Sever et al., 2000) . Briefly, adenovirally infected cells were grown in the presence or absence beads for 10 min at 4ЊC, with the nucleotides present in the buffer being swapped. In case of GST affinity chromatography, there was of tetracycline. Cells were detached with PBS/5 mM EDTA at room temperature for 5 min, briefly rinsed, and resuspended in ice-cold no nucleotide in the buffers.
PBS containing 1 mM MgCl 2 , 1 mM CaCl 2 , 0.2% BSA, and 5 mM glucose at 2 ϫ 10 6 cells/ml. Cells (50 l) were incubated with 2 g/ml 
